Abstract Acetate supplementation attenuates neuroglia activation in a rat model of neuroinflammation by a mechanism associated with an increase in brain acetyl-CoA, an alteration in histone acetylation, and reduction of interleukin (IL)-1β expression. We propose that reduced astroglial activation occurs by disrupting astrocyte-derived inflammatory signaling and cytokine release. Using primary astroglial cultures, we found that LPS (0-25 ng/ml, 4 h) increased tumor necrosis factor (TNF-α) and IL-1β in a concentration-dependent manner, which was reduced by treatment with sodium acetate (12 mM). LPS did not alter H3K9 acetylation or IL-6 levels, whereas acetate treatment increased H3K9 acetylation by 2-fold and decreased basal levels of IL-6 by 2-fold. Acetate treatment attenuated the LPS-induced increase in TNF-α mRNA, but did not reverse the mRNA levels of other proinflammatory cytokines. By contrast, LPS decreased TGF-β1 and IL-4 protein and TGF-β1 mRNA, all of which was reversed with acetate treatment. Further, we found that acetate treatment completely reversed LPS-induced phosphorylation of MAPK p38 and decreased basal levels of phosphorylated extracellular signal-regulated kinases1/2 (ERK1/2) by 2-fold. Acetate treatment also reversed LPS-elevated NF-κB p65, CCAAT/enhancer-binding protein beta protein levels, and reduced basal levels of phosphorylated NF-κB p65 at serine 536. These results suggest that acetate treatment has a net antiinflammatory effect in LPS-stimulated astrocytes that is largely associated with a disruption in MAPK and NF-κB signaling.
Introduction
Acetylation is a predominant post-translational modification that occurs on a wide range of histone and non-histone proteins. Acetylation of histones changes gene expression (Strahl and Allis 2000) , while acetylation of non-histone proteins effects the subcellular localization, DNA binding, transcriptional activity, protein-protein interaction, and stability of acetylated protein (Polevoda and Sherman 2002; Glozak et al. 2005) . Acetylation reactions are dependent on the formation of acetyl-CoA that is formed from acetate and catalyzed by acetyl-CoA synthetases (Fujino et al. 2001; Ariyannur et al. 2010) . Oral glyceryl triacetate, used to induce acetate supplementation, increases brain acetyl-CoA levels and induces a pattern of site-and time-specific brain histone hyperacetylation in rats (Soliman and Rosenberger 2011) . Long-term acetate supplementation in a rat model of neuroinflammation attenuates LPS-induced neuroglial activation, the loss of cholinergic immunoreactivity (Reisenauer et al. 2011) , interleukin (IL)-1β expression, and increases histone H3 at lysine 9 (H3K9) acetylation (Soliman et al. 2012b) . In a rat model of Lyme neuroborreliosis, acetate supplementation reduces microglia activation and IL-1β levels suggesting that its antiinflammatory effect is not limited to toll-like receptor 4 activation but rather disruption in glial-derived inflammatory signaling (Brissette et al. 2012 ). Acetate supplementation is also neuroprotective in a rat model of head trauma (Arun et al. 2010a ) and a tremor model of Canavan's disease (Arun et al. 2010b ).
differentiate into a more reactive phenotype with increased secretion of inflammatory mediators and enhanced phagocytic activity (Streit et al. 1999; Olson and Miller 2004; Hanisch and Kettenmann 2007; Ransohoff and Perry 2009; Lehnardt 2010) . In inflammatory conditions, astrocytes undergo reactive astrogliosis characterized by astrocyte hypertrophy, upregulation of intermediate filaments like vimentin and glial fibrillary acidic protein (GFAP), altered molecular expression profile, and scar formation (Pekny and Nilsson 2005; Sofroniew 2009; Kang and Hebert 2011) . Although essential for proper tissue healing, excessive astrocyte reactivity contributes to the inflammatory response by increasing proinflammatory cytokine release (Dong and Benveniste 2001; Gorina et al. 2009; Gorina et al. 2011 ) and is thus recognized as a potential therapeutic target (Hamby and Sofroniew 2010) .
The release of cytokines in brain serves as communication signals among different cell types and contributes to bystander neuronal lysis when uncontrolled (Tian et al. 2012) . The proinflammatory cytokines tumor necrosis factor-alpha (TNF-α), IL-1β, and IL-6 are involved in the pathogenesis of neurodegenerative diseases including acute cerebral ischemia (Denes et al. 2010 ), Alzheimer's disease (Shaftel et al. 2008; Johnston et al. 2011 ), Parkinson's disease (Qian et al. 2010) , multiple sclerosis (Merson et al. 2010 ) and traumatic brain injury (Helmy et al. 2011) . In contrast, the anti-inflammatory cytokines transforming growth factor-beta1 (TGF-β1), IL-4 and IL-10 reduce the injury potential by downregulating the proinflammatory cytokines and stimulate tissue repair (Ledeboer et al. 2000; Vitkovic et al. 2001) . Therefore, equilibrium is maintained between the pro-and anti-inflammatory cytokines where the interaction between these opposing molecular groups determines the outcome of the immune response. Excessive pro-inflammatory cytokines are linked to neurodegeneration, while excessive anti-inflammatory cytokines are associated with susceptibility to systemic infections (Munoz et al. 1991; Kasai et al. 1997) .
With regard to the maintenance of cytokine balance, acetate treatment in LPS-stimulated microglia reverses the protein levels of pro-inflammatory cytokines IL-1β, TNF-α and IL-6 and increases the transcription of the antiinflammatory cytokines TGF-β1 and IL-4 (Soliman et al. 2012a ). This shift in cytokine balance is correlated with a reversal of LPS-induced H3K9 hypoacetylation and NF-κB p65 phosphorylation and protein levels, and the induction of NF-κB p65 hyperacetylation at lysine 310. Acetate treatment has only a transient effect on LPS-induced MAPK p38 phosphorylation, has no effect on JNK phosphorylation and increases ERK1/2 phosphorylation only in the presence of LPS. Therefore, stimulating acetyl-CoA metabolism in microglia has a net anti-inflammatory effect correlated to an increase in the acetylation of histone and non-histone targets that is largely independent of MAPK signaling (Soliman et al. 2012a ).
CCAAT/enhancer-binding proteins (C/EBP) are a class of transcription factors (C/EBPα-C/EBPζ) which have a role in the regulation of cellular proliferation, differentiation, metabolism, and inflammation. The activity and expression of C/EBPβ are induced by inflammatory stimuli LPS and pro-inflammatory cytokines, whereas C/EBPα is inhibited by these stimuli. Target genes regulated by the C/ EBP family include interferon-γ, IL-1β, IL-6, TNF-α, cyclooxygenase-2 and nitric oxide synthase, among many others. C/EBPβ-deficient mice show impaired expression of serum amyloid proteins, complement C3 component, and TNF-α (Poli et al. 1990; Tanaka et al. 1995; Poli 1998; Ramji and Foka 2002) .
To determine whether an increase in acetyl-CoA metabolism alters inflammatory signaling in astrocytes, we measured the effect acetate treatment had on LPS-stimulation using similar experimental conditions to that used with the microglia. In addition, because C/EBPβ activation positively regulates pro-inflammatory cytokine release to understand the differential effect of acetate on TNF-α versus IL-1β and IL-6 mRNA, we examined the effect acetate treatment had on C/EBPβ protein level.. We found that acetate treatment induced H3K9 hyperacetylation, reduced LPSinduced increases in IL-1β and TNF-α protein but not mRNA, NF-κB p65 and C/EBPβ protein levels, and phosphorylated MAPK p38. Acetate treatment also decreased the basal levels of phosphorylated ERK1/2, IL-6, and phosphorylated NF-κB p65 at serine 536. LPS however did not alter H3K9 acetylation, IL-6 level, or MAPK JNK and ERK1/2 phosphorylation. These data suggest that acetate treatment has a net anti-inflammatory effect in LPS-stimulated astrocytes that is largely associated with the disruption of MAPK and NF-κB signaling.
Methods
Materials: LPS (Escherichia Coli 055:B5) was purchased from Sigma (St. Louis, MO) antibodies against total histone H3, acetylated H3K9, phosphorylated p38 (Thr180/Tyr182), p38, phosphorylated JNK (Thr183/Tyr185, Thr221/Tyr223), phosphorylated ERK1/2 (Th202/Tyr204, Thr185/Tyr187) and ERK1/2 were from Millipore (Billerica, MA), an antibody towards C/EBPβ was purchased from Santa Cruz (Santa Cruz, CA), and JNK and NF-κB p65 antibodies were purchased from Cell Signaling Technology Incorporated (Danvers, MA). Rabbit polyclonal antibodies to IL-1β, IL-6, TNF-α, TGF-β1, IL-4, IL-10 and acetyl-CoA synthetase were from Abcam (Cambridge, MA), anti-GFAP rabbit antibody was from Sigma (St. Louis, MO), a biotinylated antirabbit antibody, Vectasheild mounting medium containing propidium iodide, Elite Vectastain ABC Avidin and Vector VIP chromogen were purchased from Vector Laboratories (Burlingame, CA). All Western blot supplies and a goat antirabbit horse radish peroxidase (HRP)-linked antibody and iScript cDNA synthesis kits were purchased from Bio-Rad Laboratories (Hercules, CA). Reverse and forward IL-1β, IL-6, TNF-α , IL-4, IL-10, TGF-β1 and β-actin primers from SA Biosciences (Frederick, MD), FastStart Universal SYBR Green Master from Roche Applied Science (Indianapolis, IN), TRIzol® reagent from Life Technologies (Grand Island, NY), DMEM-F-12 media from Invitrogen (Grand Island, NY), and buffering reagents and other chemicals from EMD Biosciences (Gibbstown, NJ). DNase I and DNase I reaction buffer were purchased from New England Biolabs (Ipswich, MA), and a DeadEnd™ fluorometric TUNEL assay kit was from Promega (Madison, WI).
Primary astroglial culture: Astrocyte cultures were derived from C57BL/6 mouse brains as described previously (Dhawan et al. 2012) . The purity of the astrocyte cell cultures was found to be 91±3 % as determined by immunostaining using anti-GFAP antibody (1:1000). Prior to stimulating the cells (3 h), the media were changed to serum-free media. Plates were divided into 4 different groups; a group treated with 12 mM sodium chloride (NaCl) as a control group, another group treated with 12 mM sodium acetate, a third group treated with both 6.25 ng/ml LPS and 12 mM NaCl, and a fourth group treated with both 6.25 ng/ml LPS and 12 mM sodium acetate (n06 per group). The control group was treated with 12 mM NaCl to control for osmolarity changes found in treatment with 12 mM sodium acetate. The sodium acetate concentration used here is similar to that used with LPSstimulated microglia, and is the highest acetate concentration that does not cause significant cell death while maximizing cellular acetyl-CoA levels (Soliman et al. 2012a ). For dose-response studies, plates were divided in 6 different groups treated with LPS in the following concentrations: 25, 12.5, 6.25, 3.125, 1.56, or 0 ng/ml (n03) . After 4 h, the media was collected and stored at −20°C, and the cells were lysed in either TRIzol® reagent for quantitative realtime polymerase chain reaction (qrt-PCR) analysis or ice cold RIPA lysis buffer (150 mM sodium chloride, Triton X-100, 0.5 % sodium deoxycholate, 0.1 % sodium dodecyl sulphate, 50 mM Tris, pH 8.0) for Western blot analysis and stored at −80°C until used.
Western blot analysis: Western blots were performed as described previously (Soliman et al. 2012a ). The antibody concentrations used were 1:500 for total H3 and acetyl-CoA synthetase, 1:1000 for each of acetylated H3K9, IL-1β, IL-6, TNF-α, TGF-β1, IL-4, IL-10, p38, phosphorylated p38, JNK, phosphorylated JNK and C/EBPβ, and 1:3000 for α-tubulin. All Western blot data are expressed as the ratio of the optical density of the respective protein to the optical density of α-tubulin, except acetylated H3K9 (normalized to total histone H3), and phosphorylated MAPK p38, JNK and ERK1/2 (normalized to total MAPK p38, JNK and ERK1/2, respectively).
Quantitative real-time polymerase chain reaction: mRNA extraction, quantification, and cDNA synthesis and amplification were performed as described previously (Soliman et al. 2012a) . The expression of IL-1β, IL-6, TNF-α, IL-4, IL-10, and TGF-β1 transcripts amplified was normalized to the expression of β-actin.
Lactate dehydrogenase assay: Cellular release of lactate dehydrogenase (LDH) used to measure cell viability was measured using a commercial nonradioactive assay kit (Clontech Inc.), according to the manufacturer's guidelines. Absorbance measurements were taken at 490 nm.
TUNEL assay: Apoptosis was evaluated using fluorescin-12-deoxy-uracil triphosphate (d-UTP) by direct visualization with confocal microscopy (Carl Zeiss Microscopy, Peabody, MA). The procedure was performed according to the manufacturers' instructions. Briefly, primary astrocytes were grown to approximately 95 % confluence on poly-L-lysine-coated glass coverslips, treated as described above, immersion fixed in 4 % paraformaldehyde for 25 min at 4°C, washed with phosphatebuffered saline ((PBS 137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , and pH 7.4) at room temperature, permeabilized by immersion in 0.2 % Triton X-100 for 5 min at room temperature, and rinsed twice with PBS at room temperature. The coverslips were then incubated with equilibrium buffer, nucleotide mix, and recombinant terminal deoxynucleotidyl transferase enzyme at 37°C for 1 h, and washed with PBS. The coverslips were embedded in Vectashield mounting medium containing propidium iodide then visualized using a confocal microscope (n05). Positive controls were generated by treating parallel groups with 50 units/mL DNase I (n04).
Statistical analysis: One-way analysis of variance (ANOVA) followed by Tukey's post-hoc test using GraphPad InStat software (Version 3.06 for Windows, San Diego, CA). All values are represented as the mean fold change relative to control±SD with significance set at p≤0.05. Figures were prepared using SigmaPlot for Windows, version 10.0, Build 10.0.1.25.
Results
Temporal effect of acetate treatment and LPS on histone acetylation To determine the duration of acetate treatment required to achieve H3K9 hyperacetylation pattern in vitro similar to that found in vivo (Soliman et al. 2012a) , we treated primary astrocytes with 12 mM sodium acetate for 1, 2 and 4 h ( Fig. 1a and b) . Cell lysates were used for Western blot analysis to measure acetylated H3K9, total histone H3 (Fig. 1a) which were detected as protein bands corresponding to the molecular weight of 17 kDa. We found that acetate treatment increased H3K9 acetylation at 1 h which remained increased out to 4 h (Fig. 1b) . To insure protein expression following treatment, we used 4 h as the treatment duration for all the experiments. To determine the optimal LPS concentration required to produce the same percentage of H3K9 hypoacetylation in vitro, using a serial dilution of LPS (0-25 ng/ml), we treated primary astrocytes for 4 h ( Fig. 1c and d ). Cell lysates were used for Western blot analysis to measure acetylated H3K9, total histone H3 and the pro-inflammatory cytokines pro-IL-1β, IL-6, and TNF-α, which were detected as protein bands corresponding to the molecular weights of 17, 17, 32, 25 and 23 kDa, respectively (Fig. 1c) . Interestingly, LPS did not alter H3K9 acetylation or IL-6 protein levels and increased pro-IL-1β and TNF-α protein levels in a concentration-dependent manner ( Fig. 1d-g ). Based on these data, LPS at a concentration of 6.25 ng/ml was used in all experiments based on the increase of both pro-IL-1β and TNF-α protein levels, and was similar to the concentration used for the treatment of primary and BV-2 microglia (Soliman et al. 2012a ).
Acetate treatment causes H3K9 hyperacetylation without inducing cytotoxicity in LPS-stimulated primary astrocytes In order to determine the effect of acetate treatment on H3K9 acetylation in LPS-challenged astrocytes, we treated primary astrocytes with 6.25 ng/ml LPS in the presence and absence of 12 mM sodium acetate, and compared the results to cells treated with 12 mM NaCl as a control group. Using whole cell lysates for Western blot analysis, we found that primary astrocytes express acetyl-CoA synthetase, the enzyme which converts acetate to acetyl-CoA, as protein bands corresponding to the molecular weight of 79 kDa (Fig. 2a) . The expression levels of ACS were not different between groups (Fig. 2b) . In addition, while LPS did not alter H3K9 acetylation, acetate supplementation increased H3K9 acetylation by 2-fold in the presence and absence of the LPS challenge (Fig. 2c) . This finding differs from that found using microglia where LPS reduces H3K9 acetylation by 50 % (Soliman et al. 2012a) . Measuring cellular release of LDH as an index of cell death showed no difference in cell survival between groups (Fig. 3a) . To assess the possibility of treatment inducing apoptosis, a TUNEL assay was performed to determine DNA fragmentation. These experiments showed no DNA fragmentation or apoptosis and g) show the optical densities of H3K9 normalized to total H3 and the pro-inflammatory cytokines pro-IL-1β, IL-6, and TNF-α normalized to the loading control α-tubulin (n03). All values represent the mean fold change relative to control ± SD. Statistical significance (* 0 compared to LPS 0 ng/ml) was set at p≤0.05, as determined by One Way ANOVA followed by Tukey's post-hoc test Fig. 2 Histone acetylation in primary mouse astrocyte cell cultures stimulated for 4 h with LPS 6.25 ng/ml and/or 12 mM sodium acetate, with 12 mM NaCl as control. Panel (a) shows representative images of the Western blots. Panels (b and c) show the optical densities of acetylCoA synthetase enzyme normalized to the loading control α-tubulin, and acetylated H3K9 normalized to total H3, respectively. All values represent the mean fold change relative to control ± SD. Statistical significance (* 0 compared to NaCl, n04, 5, 4, and 5) was set at p≤0.05, as determined by One Way ANOVA followed by Tukey's post-hoc test Fig. 3 Cell viability in primary mouse astrocyte cell cultures stimulated for 4 h with LPS 6.25 ng/ml and/or 12 mM sodium acetate, with 12 mM NaCl as control. Panel A shows the quantification of the ratio of secreted LDH in the media to total cellular LDH. All values represent the mean fold change relative to control ± SD (n06). Statistical significance was set at p≤0.05 as determined by One Way ANOVA followed by Tukey's post-hoc test. Panel B shows confocal microscopic images of primary astrocyte cultures used for TUNEL assay (n05), with fluorescindUTP-labeled fragmented DNA of apoptotic cells (green), the nuclei counterstained by propidium iodide (red), and co-localization of the fragmented DNA and nuclei (yellow). Positive control group received treatment with DNase I 50 Units/ml (n04) occurring with any of the treatments (Fig. 3b) . These data suggest that changes found following LPS challenge and/or acetate treatment are not due to changes in cell survival or the induction of apoptosis. Further, acetate treatment induced H3K9 hyperacetylation in astrocytes similar to that found in vivo using oral glyceryl triacetate in a rat model of neuroinflammation (Soliman et al. 2012b ) and in LPSstimulated microglia in vitro (Soliman et al. 2012a ), without altering acetyl-CoA synthetase protein levels.
Acetate reverses LPS-induced increases in the proinflammatory cytokine proteins, but not mRNA To determine the ability of acetate to reverse pro-inflammatory cytokine production in vitro similar to that found in whole brain in vivo (Soliman et al. 2012b ) and in LPS-stimulated microglia in vitro (Soliman et al. 2012a) , cell lysates were analyzed using Western blot to probe for pro-IL-1β, IL-6 and TNF-α (Fig. 4a) . We found that LPS increased pro-IL-1β, TNF-α production, but not IL-6, by about 3.5 and 2.5-fold, respectively (Fig. 4b, d and f). Acetate treatment only partially attenuated LPS-induced increases of pro-IL-1β (Fig. 4b) , completely reversed TNF-α (Fig. 4f) , and decreased IL-6 basal levels by about 40 % (Fig. 4d) . Quantifying mRNA using qrt-PCR showed that LPS increased the mRNA levels of the three pro-inflammatory cytokines measured which were not altered by acetate treatment (Fig. 4c and e) with the exception of TNF-α mRNA which was only partially attenuated (Fig. 4g) .
Acetate modulates the expression of the anti-inflammatory cytokines Anti-inflammatory cytokines are produced during the inflammatory response as a part of self-checking mechanisms to control the inflammatory response. We measured the effect of acetate treatment on the expression levels of the anti-inflammatory cytokines TGF-β1, IL-4, and IL-10 in LPS-stimulated primary astrocytes (Fig. 5a ), that were detected as protein bands corresponding to the molecular weights of around 25, 30 and 18 kDa, respectively. Acetate treatment reversed the LPS-induced reduction in the TGF-β1 mRNA and protein, and IL-4 protein (Fig. 5b, c and d ) and upregulated IL-4 mRNA by 3-fold and protein by 1.3-fold ( Fig. 5d and e) . Interestingly, IL-10 mRNA was increased by about 4-fold with acetate treatment, while the protein levels were decreased by 2-fold, which were not d and f) show the optical densities of the proinflammatory cytokines pro-IL-1β, IL-6 and TNF-α, respectively, normalized to the loading control α-tubulin (n06). Panels C, E and G show the changes in the mRNA levels of the pro-inflammatory cytokines IL-1β, IL-6 and TNF-α, quantified by qrt-PCR and normalized to β-actin (n06). All values represent the mean fold change relative to control ± SD. Statistical significance (a 0 compared to NaCl, and b 0 compared to LPS) was set at p≤0.05, as determined by One Way ANOVA followed by Tukey's post-hoc test altered by LPS ( Fig. 5f and g ). We speculate that this may be due to either interference with mRNA translation, increased protein turnover, or enhanced secretion into the extracellular milieu. Regardless, these data suggest that acetate modulates pro-and anti-inflammatory cytokine in primary astrocytes towards a more anti-inflammatory state similar to that found with microglia (Soliman et al. 2012a ).
Acetate reverses LPS-induced MAPK p38 phosphorylation and decreases ERK1/2 phosphorylation MAPK inflammatory signaling is involved in neuroinflammation and proinflammatory cytokine production. Specific lysine acetylation activates a MAPK phosphatase-1, which deactivates MAPK. Based on this, we measured the effect of acetate on LPSinduced MAPK phosphorylation. Whole cell lysates were used for Western blot analysis, and p38, phosphorylated p38, JNK, phosphorylated JNK, ERK1/2, and phosphorylated ERK1/2 were detected as protein bands corresponding with the molecular weights of around 38, 38, 46 and 54, 46 and 54, 42 and 46, and 42 and 46 kDa, respectively (Fig. 6a) . LPS increased p38 phosphorylation by 1.5-fold which was returned to control level with acetate treatment (Fig. 6b) .
Neither LPS nor acetate had an effect on JNK phosphorylation (Fig. 6c) . While LPS did not alter ERK1/2 phosphorylation, the basal levels of phosphorylated ERK1/2 were decreased by acetate treatment in the presence and absence of LPS by almost 2-fold (Fig. 6d ). These data demonstrate that acetate and LPS selectively modulate MAPK phosphorylation in primary astrocytes which can potentially explain the antiinflammatory effect of acetate treatment in astrocytes. This response differs from that found in microglia where LPS increases MAPK p38 and JNK phosphorylation but is not altered by acetate treatment, and acetate increases phosphorylated ERK1/2 only in the presence of LPS (Soliman et al. 2012a ).
Acetate reverses LPS-induced elevated NF-κB p65 protein level, and decreases the basal levels of p65 phosphorylation at serine 536 NF-κB is a major factor in neuroinflammation and the biosynthesis of pro-inflammatory mediators. NF-κB p65 subunit is regulated by a wide range of post-translational modifications which have diverse functional consequences (Huang et al. 2010) . To quantify the effect that acetate treatment and LPS had on NF-κB signaling, we quantified the total Fig. 5 Anti-inflammatory cytokines TGF-β1, IL-4, and IL-10 in primary mouse astrocyte cell cultures stimulated for 4 h with LPS 6.25 ng/ml and/or 12 mM sodium acetate, with 12 mM NaCl as control. Panel (a) shows representative images of the Western blots. Panels (b, d and f) show the optical densities of the anti-inflammatory cytokines TGF-β1, IL-4, and IL-10, respectively, normalized to the loading control α-tubulin (n06). Panels (c, e and g) show the changes in the mRNA levels of the anti-inflammatory cytokines TGF-β1, IL-4, and IL-10, quantified by qrt-PCR and normalized to β-actin (n06). All values represent the mean fold change relative to control ± SD. Statistical significance (a 0 compared to NaCl, and b 0 compared to LPS) was set at p≤ 0.05, as determined by One Way ANOVA followed by Tukey's post-hoc test protein levels and selected post-translational modification of NF-κB p65 in total cell lysates using Western blot analysis. Total NF-κB p65 protein, acetylated p65 at lysine 310, and phosphorylated p65 at serine residues 468 and 536 were detected as protein bands corresponding to the molecular weight 65 kDa (Fig. 7a) . We found that LPS increased the protein levels of NF-κB p65 by 1.5-fold, and acetate treatment reduced it back to control levels (Fig. 7b) . Moreover, acetate treatment reduced the basal level of phosphorylated p65 at serine 536 (Fig. 7d) . Neither LPS nor acetate treatment altered acetylated p65 at lysine 310 or phosphorylated p65 at serine 468 ( Fig. 7c and e) . These data suggest that acetate treatment ERK1/2 normalized to the loading controls MAPK p38, JNK and ERK1/ 2, respectively (n06). All values represent the mean fold change relative to control ± SD. Statistical significance (a 0 compared to NaCl and b 0 compared to LPS) was set at p≤0.05, as determined by One Way ANOVA followed by Tukey's post-hoc test Fig. 7 Changes in the protein level and phosphorylation and acetylation states of NF-κB p65 in primary mouse astrocyte cell cultures stimulated for 4 h with LPS 6.25 ng/ml and/or 12 mM sodium acetate, with 12 mM NaCl as control. Panel (a) shows representative images of the Western blots. Panel (b) shows the optical density of total NF-κB p65 normalized to the loading control α-tubulin. Panels (c, d and e) show the optical densities of acetylated p65 at lysine 310, phosphorylated p65 at S536, and phosphorylated p65 at serine 468, respectively (n06). All values represent the mean fold change relative to control ± SD. Statistical significance (a 0compared to NaCl and b 0 compared to LPS) was set at p≤0.05, as determined by One Way ANOVA followed by Tukey's post-hoc test can alter NF-κB p65 protein and post-translational modification in LPS-challenged primary astrocytes.
Acetate reverses LPS-induced elevated C/EBPβ protein level Because C/EBPβ is involved in the regulation and expression of certain pro-inflammatory cytokines in astrocytes (Ramji and Foka 2002) , we measured the effect that acetate treatment had on C/EBPβ protein levels. Using total cell lysates for Western blot analysis, C/EBPβ was detected as protein bands corresponding to the molecular weight of 51 kDa (Fig. 8a) . LPS treatment increased C/EBPβ by 2-fold, which was decreased by acetate treatment to control levels (Fig. 8b) , while acetate treatment alone did not alter C/EBPβ protein levels. This data, together with the changes in MAPK phosphorylation and NF-κB phosphorylation and protein levels suggest that acetate treatment in primary astrocyte cell cultures is largely associated with a disruption in MAPK signaling which may result in the attenuation of TNF-α expression.
Discussion
Astrocytes have a number of physiological functions including regulation of blood flow, fluid, ion and transmitter homeostasis, modulation of synaptic functions, and supporting the blood brain barrier (Sofroniew and Vinters 2010) . The immune functions of the astrocytes are recognized as astrocytes are an abundant source of pro-inflammatory cytokines and other inflammatory mediators in brain injury and infection (Dong and Benveniste 2001; Gorina et al. 2009; Sofroniew and Vinters 2010) and reactive astrogliosis is a pathological component of numerous neurological disorders (Hamby and Sofroniew 2010; Sofroniew and Vinters 2010) . In this study, we demonstrated that acetate treatment induced H3K9 hyperacetylation, decreased ERK1/2 phosphorylation, IL-6, and NF-κB p65 phosphorylation at serine 536, and reversed the LPS-induced MAPK p38 phosphorylation, elevated NF-κB p65 and C/EBPβ protein levels and pro-inflammatory cytokines IL-1β and TNF-α in primary astrocytes in vitro. In addition, acetate treatment reversed LPS-induced reduction in TGF-β1 and IL-4. These results suggest that acetate treatment has a net anti-inflammatory effect in LPS-stimulated astrocytes that is largely associated with a disruption in MAPK and NF-κB signaling.
The differential effect of acetate treatment on mRNA and protein levels suggests that the reduction in pro-inflammatory cytokines is due to a disruption in mRNA translation rather than gene transcription, or enhanced protein turnover as discussed earlier (Soliman et al. 2012a ). Acetate-treatment in vivo induces a number of site-specific histone H3 and H4 acetylation changes (Soliman and Rosenberger 2011; Soliman et al. 2012b ). However, the acetylation of only H3K9 is decreased by inflammation and increased with acetate supplementation (Soliman et al. 2012b ). In addition, H3K9 hypoacetylation is associated with neuroinflammation and glial activation (Zhang et al. 2008; Govindarajan et al. 2011; Silva et al. 2012) . Therefore, in this in vitro astrocyte model as well as in microglia (Soliman et al. 2012a ), we focused on H3K9 acetylation that is altered by increasing the acetyl-CoA metabolism. Since H3K9 hyperacetylation is associated with enhanced gene expression (Rice and Allis 2001) , it is likely that acetate treatment-induced H3K9 hyperacetylation is linked to the upregulation of the anti-inflammatory cytokines TGF-β1 and IL-4 transcription. Nevertheless, it is possible that acetate alters gene expression by inducing the acetylation of non-histone transcription factors like transcription factor (TF)IIEβ and TFIIF (Imhof et al. 1997) , or other site-specific DNA-binding factors subject to acetylation (Bannister and Miska 2000) . H3K9 is modified also by methylation which is associated with repressed gene transcription in contrast to H3K9 acetylation (Rice and Allis 2001) . Methylation and acetylation mutually influence one another. For example, hypoacetylated chromatin is enriched in methylated H4, whereas chromatin areas with increased H4 acetylation contain more methylated H3 (Annunziato et al. 1995) . The exact functional outcome that histone methylation and acetylation regarding the control of gene expression and the individual genes involved is not known. However, these results suggest that post-translational acetylation of histones following acetate treatment is associated with a shift in cytokine balance to a more anti-inflammatory state. LPS did not alter H3K9 acetylation in astrocytes unlike that found in a rat model of neuroinflammation (Soliman et al. 2012b ) and in LPS-stimulated Fig. 8 Protein level of C/EBPβ in primary mouse astrocytes cultures stimulated for 4 h with LPS 6.25 ng/ml and/or 12 mM sodium acetate, with 12 mM NaCl as control. Panel (a) shows representative images of the Western blots. Panel (b) shows the optical density of C/EBPβ normalized to the loading control α-tubulin (n06). All values represent the mean fold change relative to control ± SD. Statistical significance (a 0 compared to NaCl) was set at p≤0.05, as determined by One Way ANOVA followed by Tukey's post-hoc test primary and BV-2 microglia (Soliman et al. 2012a) . The lack of an effect on H3K9 acetylation with LPS may be attributed to a cell-type specific effect of an increase in acetyl-CoA metabolism in the brain. Nevertheless, LPS stimulation of astrocytes increases pro-inflammatory cytokine production which agrees with previous reports (Lu et al. 2010; Gorina et al. 2011) .
Acetate has long been used as a substrate to study glial metabolism (Thoren et al. 2005; Wyss et al. 2009; Wyss et al. 2011) , particularly because it is preferentially utilized by astrocytes (Muir et al. 1986; Waniewski and Martin 1998; Hosoi et al. 2009 ). Peripherally-derived acetate crosses the blood brain barrier by simple diffusion, and the rate-limiting step of acetate utilization is its activation by acetyl-CoA synthetase to form acetyl-CoA (Oldendorf 1973; Terasaki 1992) . The transport of acetate into astrocytes is through a carrier that has similar biochemical properties to monocarboxylate transporters (MCT) (Garcia et al. 1994b; Garcia et al. 1994a ). MCT1 and 4 are expressed in astrocytes while MCT2 is expressed in the neurons (Broer et al. 1997; Pierre et al. 2000) , which can differ based on age (Rafiki et al. 2003) . The presence of different MCT isoforms in astrocytes and neurons may explain the differential utilization of acetate by astrocytes (Waniewski and Martin 1998) . Acetate-derived acetyl-CoA can be used as a substrate for ketone bodies, fatty acids and cholesterol biosynthesis, and oxidation in Krebs cycle for energy generation (McGarry and Foster 1980; Des Rosiers et al. 1991; Deutsch et al. 2002; Fukao et al. 2004 ). Acetyltransferases use acetyl-CoA as acetyl donor for post-translational acetylation reactions on lysine and arginine residues which can lead to structural and functional consequences in proteins. Nonhistone substrates include transcription factors, nuclear import factors, and cytoskeletal proteins (Polevoda and Sherman 2002; Glozak et al. 2005) . The functional consequences of acetylation depend on where exactly within the protein acetylation takes place. For example, NF-κB p65 acetylation at lysines 218, 221 and 310 increases nuclear localization, while acetylation at 122 and 123 reduces the binding affinity of p65 to DNA which promotes IκB-p65 interaction and nuclear export (Chen et al. 2002; Huang et al. 2010) . We have demonstrated that acetate treatment decreases the basal levels of NF-κB p65 phosphorylation at serine 536 while not altering p65 phosphorylation at serine 468 or acetylation at lysine 310. In this regard, phosphorylation of serine 536 lowers the affinity of p65 to IκBα leading to NF-κB translocation into the nucleus and enhanced activity (Bohuslav et al. 2004; Buss et al. 2004) . Because p65 phosphorylation at serine 536 stimulates subsequent acetylation at lysine 310 (Chen et al. 2005; Hoberg et al. 2006) , may explain why acetate does not increase acetylation at lysine 310 in astrocytes, unlike that found in microglia (Soliman et al. 2012a ). Because acetate supplementation did not reduce the mRNA expression of IL-6 and IL-1β which are regulated by NF-kB and C/EBPβ, we speculate that acetate-mediated changes in NF-κB p65 and C/EBPβ protein levels are not be paralleled by equivalent reduction in the function of these transcription factors. This underscores the need for future studies to determine the functional effect of acetate-induced changes in NF-κB p65 phosphorylation in terms of IκB binding, nuclear translocation, DNA binding, and transcriptional activity. The goal of which is to determine whether the acetate-induced reduction in NF-κB p65 protein and phosphorylation and C/EBPβ protein levels are associated with a parallel decrease in their transcriptional activity. Alternatively, the lack of effect of acetate treatment on the transcription of pro-inflammatory cytokines IL-6 and IL-1β may potentially be due to adaptive compensation of MAPK, NF-κB p65, and C/EBPβ by other NF-κB and C/EBP isoforms or transcription factors including nuclear factor of activated T cells (NFAT) (Fernandez et al. 2007 ) and activated protein-1 (AP-1) (Schonthaler et al. 2011) .
MAPK phosphatase-1 is activated by certain lysine acetylation which leads to inactivation of MAPK signaling pathway, providing an important link between acetylation and phosphorylation in the regulation of neuroinflammation (Cao et al. 2008) . In this study, we showed that acetate reduces LPSinduced MAPK p38 phosphorylation and basal level phosphorylation of ERK1/2 which may be attributable to acetylation of MAPK phosphatase-1. The effect of acetate on MAPK activation is important given the role that MAPK signaling has in neuroinflammation. In this regard, interferon-β reduces traumatic spinal cord injury-induced ERK hyperphosphorylation that is associated with functional recovery (Ito et al. 2009 ). Inhibition of MAPK p38 and ERK reduces edema and the inflammatory mediator matrix metalloproteinase-9 in brain trauma (Mori et al. 2002) , the infarct size (Sugino et al. 2000) and iNOS, TNF-α, and cyclooxygenase-2 expression (Piao et al. 2003) in ischemia, and reduces neurological deficits following transient ) and permanent ischemia.
Glial communication plays a crucial role in sustaining a neuroinflammatory response that can lead to neuronal bystander death if left unchecked (Streit et al. 1999; Hamby and Sofroniew 2010; Tian et al. 2012 ). This crosstalk can involve beneficial effects. For example, astrocytic factors upregulate microglia-derived anti-oxidants and thus reduce microglial reactive oxygen species generation (Min et al. 2006) . Likewise, astrocyte-conditioned media rapidly reduce interferon-γ-stimulated microglia-derived inflammatory mediators such as iNOS (Kim et al. 2010 ) and stimulates microglial release of the pro-survival mediator brain-derived neurotropic factor (Yang et al. 2012) . Downregulating the astrocytes-derived inflammatory response protects neurons from the potential of excessive uncontrolled proinflammatory cytokines (Hamby and Sofroniew 2010) . In this regard, acetate treatment reduces pro-inflammatory cytokine levels in a rat model of neuroinflammation (Soliman et al. 2012b ), in LPS-stimulated microglia (Soliman et al. 2012a) , as well as in primary astrocyte cultures (the current study), which may explain the attenuation of LPS-induced glial activation observed with acetate supplementation in vivo (Reisenauer et al. 2011) .
We have observed many neuroglial cell type-specific similarities and differences in terms of their response to acetate treatment and LPS challenge. Similarities include acetate treatment reducing LPS-induced microglial and astrocyte activation in vivo, increasing H3K9 acetylation, upregulating antiinflammatory cytokine IL-4 and TGF-β1 mRNA, and returning LPS-induced NF-κB p65 protein levels to control levels in both cell types in vitro. Moreover, acetate treatment reduces pro-inflammatory cytokines IL-1β, IL-6 and TNF-α protein but not mRNA in both cell types, suggesting that treatment decreases pro-inflammatory cytokine levels by possibly interfering with translation of mRNA rather than modulating transcription, or by stimulating protein turnover. Differences between the astroglial and microglia responses include LPS reducing H3K9 acetylation, increasing IL-6, and increasing JNK phosphorylation only in microglia. Moreover, whereas MAPK p38 phosphorylation is increased by LPS both in microglia and astrocytes, it is reduced by acetate treatment at 4 h in astrocytes cell cultures only. Acetate treatment also increases NF-κB p65 acetylation at lysine 310 and reverses LPS-induced hyperphosphorylation at serine 468 only in microglial cell culture and decreases basal levels of phosphorylation at 536 only in astrocyte cell cultures. ERK1/2 phosphorylation increases by acetate treatment only in the presence of LPS in microglia cultures, and is reduced beyond control levels with acetate treatment in astrocyte cultures (Reisenauer et al. 2011; Soliman et al. 2012a; Soliman et al. 2012b) . All of which demonstrate clear cell type-specific responses to acetate treatment despite the similar overall anti-inflammatory outcome. This is further supported by other reports showing the distinctive responses of astrocytes and microglia to injury, infection, inflammation and other anti-inflammatory agents (Lee et al. 2010; Lu et al. 2010) .
Because acetate treatment reverses the LPS-induced MAPK p38 phosphorylation and decreases the basal levels of phosphorylated ERK1/2 in astrocyte and not in microglial cultures, we speculate that interruption of MAPK signaling has a more dominant role in the anti-inflammatory effect of acetate treatment in astrocytes. Conversely, because H3K9 acetylation is reduced by LPS and reversed by acetate treatment in microglia, it is possible that the epigenetic mechanisms are more influential in microglia. This premise is promising for the potential of selectively downregulating MAPK signaling in only one cell type without impeding its physiological functions in other cell types, as opposed to universal inhibitors of MAPK signaling. This adds to the advantage of acetate treatment being welltolerated and with minimal observed biochemical abnormalities both in animals (Mathew et al. 2005 ) and humans (Madhavarao et al. 2009; Segel et al. 2011) . The discrepancy in the glial responses to acetate treatment, which partially reduces LPS-mediated microglial activation while completely reducing astrocyte activation in vivo, may be attributed to astrocytes being more efficient at the uptake and/or utilization of acetate.
In summary, acetate treatment in astrocytes results in a net anti-inflammatory effect manifested by downregulating proinflammatory cytokine release, upregulating the expression of anti-inflammatory cytokines, and disrupting MAPK p38 signaling. These correlate with enhanced H3K9 acetylation and decreased NF-κB p65 protein level and phosphorylation that are known to be associated with anti-inflammatory outcomes. To further understand the mechanisms underlying the antiinflammatory effect of acetate treatment, future studies are needed to determine the effect of acetate treatment on NF-κB functionality in terms of nuclear translocation, DNA binding and transcriptional activity in both astrocytes and microglia.
